In Escherichia coli, expression of the pyrC gene is regulated primarily by a translational control mechanism based on nucleotide-sensitive selection of transcriptional start sites at the pyrC promoter. When intracellular levels of CTP are high, pyrC transcripts are initiated predominantly with CTP at a site 7 bases downstream of the Pribnow box. These transcripts form a stable hairpin at their 5' ends that blocks ribosome binding. When the CTP level is low and the GTP level is high, conditions found in pyrimidine-limited cells, transcripts are initiated primarily with GTP at a site 9 bases downstream of the Pribnow box. These shorter transcripts are unable to form a hairpin at their 5' ends and are readily translated. In this study, we examined the effects of nucleotide sequence and position on the selection of transcriptional start sites at the pyrC promoter. We characterized promoter mutations that systematically alter the sequence at position 7 or 9 downstream of the Pribnow box or vary the spacing between the Pribnow box and wild-type transcriptional initiation region. The results reveal preferences for particular initiating nucleotides (ATP 2 GTP > UTP > > CTP) and for starting positions downstream of the Pribnow box (7 >> 6 and 8 > 9 > 10). The results indicate that optimal nucleotide-sensitive start site switching at the wild-typepyrC promoter is the result of competition between the preferred start site (position 7) that uses the poorest initiating nucleotide (CTP) and a weak start site (position 9) that uses a good initiating nucleotide (GTP). The sequence of the pyrC promoter also minimizes the synthesis of untranslatable transcripts and provides for maximum stability of the regulatory transcript hairpin. In addition, the results show that the effects of the mutations on pyrC expression and regulation are consistent with the current model for translational control. Possible effects of preferences for initiating nucleotides and start sites on the expression and regulation of other genes are discussed.
In Eschenchia coli and Salmonella typhimurium, six unlinked genes and operons designated carAB, pyrBI, pyrC, pyrD, pyrE, and pyrF encode the six enzymes that catalyze the de novo synthesis of UMP, the precursor of all pyrimidine nucleotides. These genes and operons are subject to negative and noncoordinate regulation mediated by pyrimidine availability (15) . Expression of the pyrC gene, which encodes the enzyme dihydroorotase, is regulated primarily by a translational control mechanism that is based on nucleotide-sensitive selection of transcriptional start sites (22, 23) . Transcriptional initiation at the pyrC promoter can occur at four adjacent sites (specifying UCCG) located 6 to 9 bases downstream of the Pribnow box (24) . The transcripts initiated at these sites are designated U-6, C-7, C-8, and G-9. According to the model for regulation, when the intracellular level of CTP is high, C-7 transcripts are synthesized predominantly. These transcripts are poorly translated, however, because they form a stable hairpin at their 5' ends that blocks ribosome binding, resulting in low pyrC expression. In contrast, when the CTP level is low and the GTP level is high, conditions found in cells limited for pyrimidines, G-9 transcripts are synthesized primarily. These shorter transcripts are unable to form the inhibitory hairpin at their 5' ends and thus are readily translated, resulting in a high level of dihydroorotase synthesis.
In this study, we have examined the effects of nucleotide sequence and position on the selection of transcriptional start sites at the pyrC promoter in E. coli K-12. Site-directed * Corresponding author. Phone: (205) 934 mutations were constructed that systematically alter the sequence of the transcriptional initiation region or change the position of the wild-type initiation region relative to the Pribnow box. The effects of these mutations on start site selection were measured by quantitative primer extension mapping of the 5' ends of pyrC transcripts isolated from cells grown under conditions of pyrimidine excess and limitation. The half-lives of wild-type and mutant transcripts were determined to correct for different mRNA stabilities, which is essential for an accurate comparison of the rates of pyrC transcript synthesis. We also determined the effects of the mutations on pyrC expression and pyrimidine-mediated regulation. Our results show that there are preferences for particular nucleoside triphosphates and positions downstream of the Pribnow box that control the selection of transcriptional start sites. Conflicting preferences (i.e., nucleotide versus position) establish competition between start sites at the pyrC promoter that are necessary for pyrimidine-mediated regulation. These preferences presumably apply to other promoters and have the potential to affect the level of expression and regulation of many genes.
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli K-12 strains CLT42
[F-car-94 A(argF-lac)U169 rpsL150 thiAl relA1 deoCl ptsF25 flbB5301 rbsR] (19) , CLT99 [F-pyrB482::kan recA56 A(argFlac)U169 rpsL150 thiAl1 reL41 deoCi ptsF25 flbB5301 rbsR] (23) , and their derivatives were used in this study. Plasmid pDLC126, which contains a galK::lacZ protein fusion that has the galK ribosome binding site but lacks a promoter (23) (25) . Transformations were performed by the method of Chung et al. (1) . E. coli chromosomal DNA was isolated by using a modification of the procedure described by Gay (6) . Cells from a 3-ml overnight 2 x YT (13) (18) . The presence of a single prophage at the X attachment site on the E. coli chromosome was confirmed by Southern hybridization (18) .
Media and culture methods. Cultures used for enzyme assays or RNA isolations were grown at 30°C to an optical density at 650 nm of 0.5 (exponential phase) in glucose- Shine-Dalgarno (SD) sequence is labeled. This sequence is the only one of two previously identified potential pyrC SD sequences that is used for translational initiation (11, 24) . The nine mutations constructed and characterized in this study are shown below the wild-type sequence.
minimal salts medium supplemented with 0.015 mM thiamine hydrochloride, 1 mM arginine, either 1 mM uracil or 0.25 mM UMP as the sole pyrimidine source, and 100 ,ug of ampicillin per ml for plasmid-containing strains (23) . Culture densities and doubling times were measured as previously described (23) .
Enzyme assays. Cell extracts were prepared by sonic oscillation (23) . ,-Galactosidase (23) and ,B-lactamase (18) The pyrC promoter mutations constructed in this study are shown in Fig. 1 . These mutations systematically alter the nucleotide sequence at position 7 or 9 downstream of the Pribnow box or vary the spacing between the Pribnow box and the wild-type transcriptional initiation region. These changes were designed to identify preferences for nucleotides and positions during transcriptional initiation and factors controlling start site switching at thepyrC promoter. The effects of the mutations were examined by introducing each mutation into a pyrC::lacZ operon fusion carried on a multicopy plasmid.
Operon fusions were used in this case because the encoded pyrC::lacZ transcripts, which are initiated at the same multiple sites as pyrC transcripts, have longer and more similar halflives than their pyrC counterparts (23) . These characteristics greatly improve the accuracy of measuring transcript steadystate levels and half-lives. Wild-type and mutant operon fusion plasmids were introduced by transformation into the pyrimidine-auxotrophic strain CLT99 (pyrB482 Alac recA56). Transformants were grown in glucose-minimal salts medium containing either uracil or UMP as the pyrimidine source. Growth on uracil provides a condition of pyrimidine excess, whereas growth on UMP, which is only slowly used by cells under the present growth conditions, results in pyrimidine limitation. RNA was isolated quantitatively from these cells, and the levels and start sites of the pyrC::lacZ transcripts were determined by primer extension mapping. The half-lives of all pyrC::lacZ transcripts were measured and used, along with steady-state transcript levels, to calculate the relative rates of transcript synthesis as described in Materials and Methods. In selected cases (i.e., for position 7 mutants), operon fusionencoded 3-galactosidase activities were measured and compared with transcript levels. Expression of B-galactosidase activities from operon fusions is not subject to pyrimidinemediated translational control (23) .
As judged by plasmid-encoded ,-lactamase activities, the copy numbers of operon fusion plasmids were the same for wild-type and mutant plasmids in cells grown on either uracil changing position 7 to either G or A completely eliminated switching. Each of these mutations caused initiation to occur almost entirely at position 7. All three of the mutations had a large effect on the rate of transcript synthesis. Each resulted in an increase of five-to sixfold in the rate of synthesis of transcripts initiated at position 7 in uracil-grown cells, the predominant start site under these conditions.
The increases in transcript synthesis rates caused by the mutations also could be detected by comparing 3-galactosidase activities encoded by the wild-type and mutant pyrC::lacZ operon fusions in uracil-grown cells ( Table 2 ). The mutations resulted in 1.7-to 2.4-fold-higher levels of enzyme activity. The increases were not as high as the five-to sixfold increases seen with transcript synthesis rates because 3-galactosidase activities reflect steady-state levels of total transcripts. These levels for mutant transcripts were only 1.9-to 2.4-fold higher than for wild-type transcripts because the mutant transcripts have shorter half-lives (Table 1) . A large difference between n-galactosidase activities encoded by the wild-type and mutant pyrC::lacZ operon fusions was not observed in UMP-grown cells (Table 2) . This result was due to a nearly twofold increase in P-galactosidase activity encoded by the wild-type operon fusion, which presumably is related to transcriptional start site switching from position C-7 to G-9.
The effects of the base substitutions at position 7 on pyrimidine-mediated regulation of pyrC::lacZ protein fusions also are shown in Table 2 . Changing the wild-type C to T had relatively minor effects on the levels of 3-galactosidase activity in cells grown on uracil or UMP, resulting in only a slight reduction in regulation. Regulation occurred over an 8.4-fold range, similar to the 11.8-fold range observed for the wild-type fusion. This result provided additional evidence that start site switching occurred with UTP as the initiating nucleotide at position 7. This result also suggested that a U-7 -G-31 base pair could substitute, at least to some extent, for the wild-type C-7 * G-31 base pair in the regulatory transcript hairpin. In contrast, the change from C to G or A at position 7 reduced the range of regulation to a low level, most of which appears to be independent of translational control (23) . This effect on regulation is a consequence of similar low levels of 3-galactosidase activity in the G-7 and A-7 mutant strains grown on uracil or UMP. These low levels are comparable to the 3-galactosidase activity in uracil-grown wild-type cells. It appears that G-7 and A-7 mutant transcripts, which are the predominant pyrC transcripts in the corresponding mutant strains grown on either pyrimidine source, are not efficiently translated because they form a 4-bp hairpin (including positions 8 to 11 and 27 to 30 in Fig. 1 translation of low levels of G-9 transcripts, and not translation of the predominant C-7 transcripts, that apparently accounts for most f3-galactosidase activity in the wild-type strain grown on uracil. Effects of base substitutions at position 9 downstream of the pyrC Pribnow box. The effects of mutations altering position 9 on the synthesis of pyrC::lacZ transcripts encoded by operon fusion plasmids are shown in Fig. 3 and Table 3 . Changing the wild-type G-9 to C caused transcriptional initiation to occur predominantly at position C-7 in cells grown on uracil or UMP. Start site switching was virtually eliminated. In contrast, changing position 9 to A resulted in a pattern of transcript synthesis and start site switching similar to that seen with the wild-type promoter. The only apparent difference was a slight preference for transcriptional initiation at A-9 compared with wild-type G-9 in cells grown on uracil.
The effects of the position 9 mutations on expression of pyrC::lacZ protein fusions are shown in Table 4 . 1-Galactosidase activities were much (6-and 12-fold) higher than the wild-type level in uracil-grown cells and only slightly increased in UMP-grown cells, resulting in minimal regulation. These results were expected because each mutation disrupts a central base pair in the regulatory transcript hairpin, which should permit efficient translation of the mutant transcripts initiated at all start sites. Effects of mutations that alter the spacing between the pyrC Pribnow box and wild-type transcriptional initiation region. The effects of altering the spacing between the pyrC Pribnow box and wild-type transcriptional initiation region on the synthesis of pyrC::lacZ transcripts encoded by operon fusion plasmids are shown in Fig. 4 and Table 5 . Changes in the selection of start sites are summarized in Fig. 5 . A decrease in (22) a Details are as described in Table 3 , footnote a, and Fig. 4 . Start sites are indicated by asterisks.
spacing of 1 bp, caused by the AT mutation, resulted in a pattern of transcriptional initiation drastically different from the wild-type pattern. The large majority of transcripts were initiated at position G-8 (equivalent to wild-type G-9), with the remainder initiated primarily at C-7 (equivalent to wild-type C-8) in cells grown on uracil or UMP. There was a slightly higher percentage of transcripts initiated at G-8 in UMPgrown cells, which apparently permitted a higher level of transcript synthesis. A decrease in spacing of 2 bp, caused by the ATT mutation, had a similar effect on start site selection. Three-quarters of the transcripts were initiated at position G-7 (equivalent to wild-type G-9), with the remainder initiated at positions G-8 and C-6 (equivalent to wild-type G-10 and C-8, respectively) in cells grown on uracil or UMP. The effect was somewhat different when the spacing was reduced by 3 bp. With the ATTG mutation, 80% of the transcripts were initiated at position G-7 (equivalent to wild-type G-10), with the remainder initiated at position G-6 (equivalent to wild-type G-9) in cells grown on uracil or UMP. In sharp contrast, an increase in spacing of 1 bp caused by the +T mutation resulted in a unique, pyrimidine-sensitive pattern. In cells grown on uracil, nearly half of the transcripts were initiated at position T-7 (equivalent to wild-type T-6). A slightly lower level was initiated at position G-6 (equivalent to wild-type G-5), with the remainder initiated at position C-8 (equivalent to wild-type C-7). In cells grown on UMP, a similar (37%) level of the transcripts was initiated at position G-6, with the remainder initiated at roughly the same (20%) level at positions T-7, C-8, and G-10 (the latter equivalent to wild-type G-9). The +T mutation also caused a significant decrease in the level of total The effects of the three deletion mutations on pyrimidinemediated regulation ofpyrC::lacZ protein fusions were similar (Table 6 ). Regulation was reduced to a nearly basal level as a result of high levels of ,B-galactosidase activity in cells grown on uracil (7-to 15-fold higher than the wild-type level) and only approximately 2-fold higher levels in cells grown on UMP. These results were as expected because each mutation caused transcriptional initiation to occur predominantly at sites that specify transcripts unable to form the regulatory hairpin in cells grown on either pyrimidine source. On the other hand, the +T mutation caused large reductions in protein fusionencoded ,B-galactosidase activities in cells grown on uracil (166-fold) and UMP (37-fold), which resulted in a nearly 5 The experiments in which position 7 downstream of thepyrC Pribnow box was changed from C to either T, G, or A were designed primarily to determine if there were advantages associated with using CTP to initiate the predominant C-7 transcript at the wild-type promoter in cells grown on uracil. This transcript contains the regulatory hairpin at its 5' end which apparently prevents translation. The results indicate that there are in fact several important advantages. First, initiation with CTP minimizes the synthesis of untranslatable pyrC transcripts because it is the least efficient initiating nucleotide. As measured by relative rates of transcript synthesis, initiating with CTP is approximately one-sixth as efficient as initiating with UTP, GTP, or ATP at position 7 in cells grown on uracil (Table 1) . It should be noted that nucleoside triphosphate pools are essentially the same in pyrimidine auxotrophs grown on uracil, the condition of pyrimidine excess used in this study, and in pyrimidine prototrophs grown on minimal medium (15, 17) . Reduced transcriptional initiation with CTP also can be detected by comparing the levels of ,B-galactosidase activities encoded by wild-type and mutant pyrC::lacZ operon fusions in cells grown on uracil (Table 2) . Second, initiation with CTP permits the maximum level of start site switching when cells are limited for pyrimidines ( Fig. 2 observed with the G-7 and A-7 promoters. For these promoters, initiation occurs predominantly at position 7 in cells grown on either pyrimidine source, with a slightly higher percentage at position A-7 than at position G-7. Third, initiation with CTP, as opposed to UTP, would permit the formation of a more stable regulatory hairpin as a result of the contribution of a strong C -G base pair. Presumably, a stronger hairpin blocks translation more effectively, thereby permitting a wider range of regulation as observed in Table 2 .
The experiments changing position 9 downstream of the Pribnow box from G to either C or A provide additional information about the requirements for switching and efficient transcriptional initiation. The data show that at the C-9 promoter, transcriptional initiation with CTP at position 9 is essentially eliminated in cells grown on either pyrimidine source ( Fig. 3 and Table 3 ). Nearly all transcriptional initiation at this mutant promoter occurs with CTP at position 7, indicating a strong preference for initiation at this position over position 9 (and position 8). These results show that switching requires the use of a strong initiating nucleotide at a weak start site, position 9 in this case. In contrast, transcription and switching at the A-9 promoter is very similar to that observed with the wild-type promoter, with only a slight preference for initiation at position A-9 compared with G-9 in cells grown on uracil. These results suggest that the only important difference between apyrC promoter with either G or A at position 9 is that the G-9 (wild-type) promoter permits the synthesis of C-7 transcripts capable of forming a more stable regulatory hairpin as a result of the contribution of a strong G-9 -C-29 base pair.
The experiments in which we varied the spacing between the Pribnow box and wild-type transcriptional initiation region were designed primarily to identify preferred start site positions. Using wild-type and mutant promoters, we compared transcript synthesis initiated with CTP at adjacent sites corresponding to wild-type C-7 and C-8 and with GTP at adjacent sites corresponding to wild-type G-9 and G-10 ( Fig. 4 and Table 5 ). The data with the wild-type and +T promoters show that when transcription initiates with CTP, position 7 is strongly preferred over position 8 and that position 8 is preferred over position 9. The data with the AT, AlTT, and ATTG promoters show that when transcription initiates with GTP, position 7 is strongly preferred over positions 6 and 8 and that position 8 is strongly preferred over position 9. The pattern of transcription at the AT promoter also provides additional evidence that GTP is a much better initiating nucleotide than CTP. In this case, most transcripts are initiated with GTP at position 8, with a much smaller fraction initiated with CTP at the highly preferred position 7. Another major effect of the deletion mutations is that essentially all switching is eliminated as a result of the existence of a single predominant start site using GTP. In contrast, switching still occurs at the +T promoter, primarily between positions U-7 and G-10. Also of interest is that transcriptional initiation at the +T promoter, which uses UTP at position 7, is widely distributed compared with initiation at other mutant promoters, which use ATP or GTP as the initiating nucleotide at position 7.
The characterization of transcriptional initiation at wild-type and mutant pyrC promoters described above permits the following assignments of preferences for initiating nucleotides and start site positions: ATP 2 GTP > UTP >> CTP and position 7 > > 6 and 8 > 9 > 10. These preferences provide the basis for nucleotide-sensitive start site switching at the wildtype pyrC promoter. The poorest initiating nucleotide (C1TP) is used to start transcripts at the most preferred start site (position 7), and a very good initiating nucleotide (GTP) is used to start transcripts at a weak start site (position 9). These factors establish competition between initiation at positions C-7 and G-9 that can be influenced over a wide range by changes in intracellular levels of CTP and GTP that occur in cells grown under conditions of pyrimidine excess and limitation. These same preferences restrict transcriptional initiation at positions T-6 and C-8, which requires a combination of weaker start sites and poorer initiating nucleotides. Recent studies measuring steady-state levels of pyrC::lacZ protein fusion transcripts initiated at wild-type and several mutant pyrC promoters in S. typhimurium indicate the same preferences for initiating nucleotides as listed above and the importance of start site position in nucleotide-sensitive switching (21, 22) .
In this study, we also examined the effects of the promoter mutations on expression and regulation of pyrC::lacZ protein fusions (Tables 2, 4 , and 6). The data show that when mutations cause the synthesis of transcripts capable of forming a regulatory hairpin containing a stem of at least 4 bp (including C-8, G-9, G-10, and C-11), expression is low. When mutations cause the synthesis of shorter or disrupted stems, expression is high. When mutations prevent switching between these two classes of transcripts, regulation is reduced to a basal level. These results provide strong support for the current model of translational control ofpyrC expression in which start site switching controls the synthesis of multiple transcripts with different potentials for translation.
We expect that the preferences for selection of initiating nucleotides and start site positions exhibited at the pyrC promoter will apply at other promoters. Examination of approximately 300 E. coli promoters 6 [11%], 9 [10%], other sites [.5%]) (7) that reflect the preferences identified with the pyrC promoter. These results suggest that most transcripts start with efficient initiating nucleotides to maximize transcript synthesis. They also raise the possibility that particular initiating nucleotides are evolutionarily selected to control transcript levels, which may be particularly important for low-abundance transcripts. Perhaps more importantly, preferences for initiating nucleotides and start sites may be used for nucleotide-sensitive regulation of a large number of genes. In E. coli (12) and S. typhimurium (5) , the pyrD promoter includes C-6, C-7, C-8, and G-9 start sites. Transcriptional initiation appears to occur primarily at positions C-6 and C-7 under conditions of pyrimidine excess and at position G-9 under conditions of pyrimidine limitation, resulting in translational control of pyrD expression by a mechanism equivalent to that described for pyrC (5, 21) . Mutations in the pyrD transcriptional initiation region also alter start site switching in a manner similar to that observed with pyrC promoter mutations (21) . Inspection of published bacterial promoter sequences reveals many other transcriptional initiation regions at which nucleotide-sensitive start site switching is predicted. Such switching can produce transcripts with minor differences in sequence at their 5' ends, which produce major differences in the ability of the transcripts to express the specified gene products. Differences at the 5' ends of transcripts can affect transcript stability (4, 16) or control the formation of secondary structures that inhibit translational initiation as seen with pyrC (2, 3) . Switching also can result in the selection of start sites with different potentials for abortive initiation (14) and transcriptional slippage during initiation (8) . Both of these processes can greatly influence the frequency of productive initiation at a particular promoter (9, 26) . We anticipate that the expression of many genes can be regulated by intracellular nucleotide levels through an assortment of mechanisms based on conflicting preferences for initiating nucleotides and transcriptional start sites.
